Prior studies have suggested that physical trauma might be associated with the development of amyotrophic lateral sclerosis (ALS). We conducted a population-based, individually matched case-control study in Denmark to assess whether hospitalization for trauma is associated with a higher risk of developing ALS. There were 3,650 incident cases of ALS in the Danish National Patient Register from 1982 to 2009. We used risk-set sampling to match each case to 100 age-and sex-matched population controls alive on the date of the case's diagnosis. Odds ratios and 95% confidence intervals were calculated using a conditional logistic regression model. History of trauma diagnosis was also obtained from the Danish Patient Register. When traumas in the 5 years prior to the index date were excluded, there was a borderline association between any trauma and ALS (odds ratio (OR) = 1.09, 95% confidence interval (CI): 0.99, 1.19). A first trauma before age 55 years was associated with ALS (OR = 1.22, 95% CI: 1.08, 1.37), whereas first traumas at older ages were not (OR = 0.97, 95% CI: 0.85, 1.10). Our data suggest that physical trauma at earlier ages is associated with ALS risk. Age at first trauma could help explain discrepancies in results of past studies of trauma and ALS.
Little is known about the causes of amyotrophic lateral sclerosis (ALS). Clinical observations and some case-control studies have indicated that head trauma might be a risk factor for ALS (1, 2) . Trauma to the head is known to disrupt the bloodbrain barrier (3) , which is selectively impermeable to many solutes, including some toxins. It has been hypothesized that deterioration of the barrier might play a role in ALS pathogenesis (4) . Head trauma has also been implicated in the development of other neurodegenerative diseases, including Alzheimer disease and Parkinson disease, both of which share some pathological and epidemiologic characteristics with ALS (5, 6) . Head trauma is known to induce glutamate excitotoxicity, be associated with mitochondrial dysfunction and neuroinflammation, and cause endoplasmic reticulum stress, all of which have been implicated in ALS pathogenesis (7) (8) (9) .
Early case-control studies consistently found a significant association between a history of head trauma and the risk of ALS. In a 2007 meta-analysis of 9 studies, Chen et al. (2) reported an odds ratio of 1.7 (95% confidence interval (CI): 1.3, 2.2). Many of these early studies, however, were characterized by self-reported trauma history, creating a potential for recall bias, and by a lack of proper exposure lagging. In order to reduce the problem of reverse causation-in which incipient ALS leads to trauma-more recent studies have generally excluded traumatic events that take place during either the 3 years or 5 years prior to the index date (10) (11) (12) . A recent large prospective study based on objective assessment of head trauma found no association between hospitalization for head trauma and ALS when traumas incurred during the 3 years before diagnosis of ALS were excluded (11) . It is not clear whether early signs of a link between head trauma and ALS will persist when these timing aspects are considered, and whether particular patterns of trauma-for example, by location, severity, frequency, or timing of traumatic injuries-will be established as risk factors for ALS. There is also a limited and conflicting body of literature on the role of other physical traumas in the development of ALS, but there are few large-scale cohort data on this question (13, 14) .
The objective of the present study was to assess the risk of ALS following physical trauma (head and other) using national registry data in the Danish population. We hypothesized that ALS patients would have higher rates of physical trauma, particularly head trauma, and that the number and severity of traumatic events would be correlated with ALS risk.
METHODS

Case ascertainment
The Danish National Patient Register contains data for hospitalizations in the inpatient setting (since 1977) and health care visits in the outpatient setting (since 1995). The outpatient setting captures visits to outpatient clinics or emergency rooms. The information in this register is retained for persons who have died or immigrated. ALS diagnoses were captured from inpatient records only prior to 1995 and thereafter from both inpatient and outpatient records. We identified hospitalization and outpatient records in the registry that had a discharge diagnosis of ALS.
We defined ALS by a code of 348.0 in the International Classification of Diseases, Eighth Revision (ICD-8) or a code of G12.2 in the International Classification of Diseases, Tenth Revision (ICD-10). The discharge diagnosis includes both the "action diagnosis" and the "cause of treatment." For example, a patient might receive treatment for kidney insufficiency (action diagnosis) that is caused by diabetes (cause of treatment).
Among all cases identified from 1982 to 2009, 1,567 cases (42.9%) were first identified from outpatient records, with the remainder identified from inpatient records. For the period since January 1, 1995, when outpatient records became available, this proportion was 61.6%. Both inpatient and outpatient diagnoses for ALS were reported for 1,875 (51.4%) cases; of these individuals, the outpatient record preceded the inpatient record in 1,119 (59.7%) cases.
ICD-8 codes were used in Denmark through 1994, and ICD-10 codes have been used since then. In a validation substudy of 173 ALS cases identified this way, we obtained medical records and confirmed at least a clinical suspicion of ALS in 160 (92.5%), and we observed no difference in positive predictive value between ICD-8 and ICD-10 codes (P > 0.05) (15) .
The National Patient Register began recording data for all hospital admissions nationwide on January 1, 1977 (16) . We limited our case definition to first diagnoses of ALS made on or after January 1, 1982, a 5-year washout period, to reduce the inclusion of prevalent cases. For the present study, cases were accrued through December 31, 2009 , and the individuals were required to be living in Denmark on the index date, which was defined as the first recorded hospitalization for which ALS was the primary discharge diagnosis.
Controls
We matched 100 controls to each case on sex and age, in 1-year windows, selecting individuals who were alive and free of an ALS diagnosis on the index date (risk-set sampling). Controls were drawn from the Central Person Registry, a registry covering all residents of Denmark since 1968 (17) . All inhabitants of Denmark are assigned a unique 10-digit personal identification number, which encodes information about date of birth and sex and can be used to link information from the Central Person Registry and several healthrelated registries, including the National Patient Register.
Covariates
In addition to the matching variables of age, sex, and calendar date, we abstracted information from the Central Person Registry about the highest socioeconomic status (SES) attained, marital status and history, and residence on the index date. SES was classified into 5 groups based on an individual's and, if applicable, his or her spouse's job titles. The classifications were labeled 1 for academics and managers, 2 for high-salary positions, 3 for low-salary positions, 4 for skilled workers, and 5 for unskilled workers. When both an individual's and his or her spouse's highest job title category were reported, we used the higher SES category (lowest number). If neither was reported, the individual was most likely unemployed, and we categorized these individuals' SES as unknown. Marital status was categorized as married, unmarried, divorced, or widowed as of the index date. Residence at the index date was classified into Copenhagen, Copenhagen suburbs, Aarhus/Odense, provincial towns, rural areas, Greenland, and unknown.
Exposure assessment
We reviewed case and control hospital records for a history of trauma diagnoses. We classified the diagnoses as any trauma, head trauma (intracranial injuries), or other traumas (traumas not classified as head) based on ICD-8 and ICD-10 codes (Web Appendix 1, available at http://aje.oxfordjournals.org/).
We defined any prior trauma for each of the 2 types (head and other) as any history of a diagnosis, outpatient or inpatient, prior to the index date. The majority of analyses exclude the 5 years prior to the index date to allow for latent ALS. For each individual, we calculated the age at which they experienced their first and last recorded trauma, with the restriction that both must have occurred more than 5 years prior to the index date. We then categorized this into groups of no trauma (reference group) and categories of age among persons with trauma (<35, 35-54, 55-74, and ≥75 years). We further categorized diagnoses into the number of total diagnoses of each type and the duration of the longest-held diagnosis (longest duration of hospitalization) as a measure of trauma severity.
For each of the 3 trauma categories (any, head, and other), we also calculated the amount of time between the index date and the date of all traumas. We then categorized time periods as follows: up to 1 year after diagnosis of ALS, up to 1 year prior to diagnosis, 1-5 years prior to diagnosis, and more than 5 years prior to diagnosis. We included the periods of 1 year before and after diagnosis to demonstrate the magnitude of reverse causation and the importance of ignoring exposures close to the diagnosis date. For all traumas, only traumas occurring more than 1 day apart were considered separate events. Results were unchanged when this was extended to traumas occurring at least 6 days apart.
Because inpatient and outpatient trauma diagnoses might differ in type and severity, we performed similar analyses that considered the type of trauma diagnosis stratified by whether the patient was treated as an inpatient or an outpatient. All trauma histories for these analyses were restricted to the period after January 1, 1995-during which outpatient histories were available-to ensure comparability between inpatient and outpatient histories. A trauma diagnosis was classified as inpatient or outpatient, and outpatient visits were defined as visits to outpatient clinics or emergency rooms that were not followed by an inpatient record within 1 day; if a hospital admission followed within 1 day, the event was considered an inpatient trauma diagnosis.
Negative control analysis
To assess whether confounding by smoking was a likely explanation for any observed association between trauma and ALS, we conducted a negative control analysis of the association between trauma and lung cancer (18) . Briefly, if smoking confounds the trauma-ALS association, then it would also confound the trauma-lung cancer association (Web Appendix 2). We thus conducted a case-control study of lung cancer among the ALS controls, with lung cancer controls selected from persons without a lung cancer diagnosis according to the matched case's age and diagnosis date. Among controls from the original ALS study (n = 365,000), we identified hospitalizations with a primary discharge diagnosis of lung cancer from the Danish National Patient Register (ICD-8 code 162 or ICD-10 code C34). For each case, we matched up to 4 controls who were free of a diagnosis of lung cancer on the index date (risk-set sampling). Controls were matched on the same criteria as in the primary ALS study (sex, age, and calendar year).
Statistical analysis
All analyses were performed using conditional logistic regression with strata defined by the 1:100 matched casecontrol sets for the ALS analysis or 1:4 matched case-control sets for the negative control analyses of lung cancer diagnoses. Because we used risk-set sampling, odds ratios from these models are estimates of rate ratios. We adjusted all results for the matching factors (age, sex, and calendar year) as well as for SES, area of residence, and marital status as of the index date. We categorized history of physical trauma by which combination of head or other traumas an individual had suffered (head trauma only, other trauma only, both head trauma and other trauma). In models where head and other physical traumas were separated, they were entered into the models simultaneously; for example, the odds ratios for number of hospitalizations due to head and other traumas were obtained from models that included both.
Linear trends for age at first trauma were assessed with a continuous term for year of first trauma. In this model we also included an indicator for ever having had a trauma, because the linear trend variable (age at first trauma) was not defined for individuals with no trauma history. A similar approach was used to test the trend for duration of longest hospital stay. We assessed the linear trend for number of hospitalizations by entering the number of hospitalizations as a continuous variable. We tested for effect modification by age and sex, with an α level of 0.1 to identify potentially significant modification.
All analyses were performed in SAS, version 9.3 (SAS Institute, Inc., Cary, North Carolina). Graphics were produced in R (R Foundation for Statistical Computing, Vienna, Austria). The present study was determined to be exempt from human subjects review by the institutional review board at the Harvard T.H. Chan School of Public Health and was approved by the Danish Data Protection Agency. The study consisted solely of secondary analysis of existing data; therefore, informed consent was deemed unnecessary.
RESULTS
Between January 1, 1982, and December 31, 2009, there were 3,650 cases of ALS diagnosed in Denmark. Table 1 shows descriptive statistics for cases and controls. Cases had a median age of 67 years. Cases and controls were similar with regard to residence and SES, with cases being slightly more likely to reside in Copenhagen and to have a higher SES. Cases were more likely to be married and less likely to be widowed at the time of case diagnosis or index date.
There was a strong association between unlagged trauma history and ALS (odds ratio (OR) = 1.43, 95% CI: 1.33, 1.54), but the association was attenuated when trauma history within the 5 years before the diagnosis date was excluded (OR = 1.09, 95% CI: 0.99, 1.19) ( Table 2 ). When physical trauma was split by type, we observed a higher rate of ALS in persons who had a history of both head trauma and other traumas more than 5 years before the index date (OR = 1.40, 95% CI: 1.09, 1.80). When this was further adjusted for total number of traumas experienced (5-year lag), point estimates were somewhat higher for head and other traumas and for other traumas only, and the odds ratio for persons who had experienced only a head trauma more than 5 years in the past was higher (OR = 1.12, 95% CI: 0.54, 2.33; data not shown). The high correlation between total number of traumas and type of trauma made all confidence intervals substantially wider.
When we categorized physical traumas by number of times the case had been hospitalized and duration of longest hospitalization, we observed an association with increasing number of hospitalizations for any type of physical trauma and number of physical traumas other than head trauma when the numbers of head and other physical traumas were modeled simultaneously. The linear test for trend was borderline significant for both number of any traumas (P = 0.05) and number of traumas other than head trauma (P = 0.08) ( Table 3) . There was no evidence that a longer duration of hospitalization for physical trauma was associated with higher ALS rates. There was no evidence of interaction between head traumas and other traumas for either number of hospitalizations or duration of longest hospitalization.
We observed a decreasing association between age at first physical trauma diagnosis (5-year lagged) and ALS rate (Figure 1 ; linear trend P = 0.009). Among persons with a first trauma diagnosis (any trauma) before the age of 35 years, the odds ratio for ALS was 1.35 (95% CI: 1.05, 1.72). A first trauma diagnosis date after the age of 55 years was not associated with a higher odds ratio for ALS (OR = 0.97, 95% CI: 0.85, 1.10). We observed a similar pattern when we considered age at last trauma (data not shown).
For all 3 types of physical trauma (any physical trauma, any head trauma, and any other physical trauma), there was a strong and significant association between trauma and ALS diagnosis in the year following the index date (Figure 2 ). By 5 years prior to the ALS index date, associations with all 3 categorizations of trauma had reverted to the null.
We looked separately at physical trauma in the inpatient and outpatient settings among the 2,409 cases and 240,900 controls available for case diagnosis after outpatient data became available (in 1995). There was no evidence of an association between inpatient trauma visits (lagged by 5 years) and ALS. However, any trauma in the outpatient setting was associated with ALS after excluding the 5 years before diagnosis (OR = 1.18, 95% CI: 1.04, 1.33) ( Table 4) . Persons with a history of other traumas in the outpatient setting also showed an association with ALS (OR = 1.16, 95% CI: 1.02, 1.31).
Among controls, outpatient head traumas were dominated by concussions (39%) and traumatic subdural hemorrhage (32%), followed by diffuse brain injury (11%). Among cases, however, the most common outpatient head traumas were epidural hemorrhage (33%) and diffuse brain injury (27%), while concussions made up only 20% of the diagnoses in cases. Other physical traumas were mainly fractures and strains to the extremities, with no apparent differences between cases and controls in relative frequencies.
There was no significant modification of any of the associations by either sex or age, as dichotomized at the median age at index date of 67 years. Neither was there a substantial difference when results were split by case year before or after January 1995, which is when outpatient results were included, Tables 1 and 2 ).
DISCUSSION
In the present study, which covered all hospitalized cases of ALS in Denmark between 1982 and 2009, we observed that physical traumas occurring earlier in life were associated with a higher rate of ALS. We also found a significant association between physical traumas resulting in outpatient visits and ALS, with a strong association with the combination of head and other traumas specifically, even after excluding traumas that occurred during the 5 years before ALS diagnosis. To our knowledge, this is the first time that a significant association between ALS and trauma has been observed Abbreviations: CI, confidence interval; OR, odds ratio. a All models adjusted for matching factors (age, sex, and calendar date), residence, marital status, and socioeconomic status. All analyses excluded history of trauma within 5 years of the index date. The reference group for all odds ratios was composed of persons with no history of the relevant type of physical trauma (any, head, or other).
b Models for number of hospitalizations and duration of longest hospitalization for head trauma and other trauma included both terms (i.e., the OR for number of hospitalizations for head trauma was adjusted for number of hospitalizations for other trauma, and vice versa).
when information about trauma history was obtained from registry data and an appropriate window of time prior to ALS diagnosis was excluded.
Early studies of physical trauma and ALS were plagued by 3 issues: small size, insufficient lagging of exposure, and self-recall of trauma history (2) . Two recent larger studies avoided some of these limitations but came to opposite conclusions. Pupillo et al. employed a regional Italian ALS registry to identify cases and matched them to hospital controls (10) . Although the study relied on self-reported trauma history, they were able to adjust for potential confounders. After exclusion of traumas that occurred within 5 years of the ALS index date, they observed a stronger association with head and limb trauma. Peters et al. (11) used data from the Swedish national registry system and observed no significant association between severe head trauma and ALS risk after exclusion of head traumas occurring within 3 years of the ALS index date. The Swedish study, however, did not consider traumas other than head injury or the age at first trauma, and it did not distinguish between outpatient and inpatient trauma treatment. Our overall results on head trauma agree with the Swedish study and suggest that considering head injury in isolation might be insufficient.
Physical traumas experienced early in life might be associated with ALS simply because of a long latency period between exposure and outcome. In our data, ALS patients whose first trauma occurred at younger ages had longer periods between that trauma and their ALS diagnosis, although there was substantial overlap in the distributions. It is also possible that earlier-life traumas might be of a qualitatively different type than later-life traumas or that earlier-life traumas might be more subject to confounding by physical activity, although the evidence for physical activity as a risk factor for ALS is mixed (19, 20) . Alternatively, it has been hypothesized that higher levels of testosterone could be associated with ALS, and it might be that individuals prone to early-life traumas have higher levels of testosterone (21) . A potential causal mechanism underlying an association between trauma and ALS is trauma-induced inflammation, which is suspected of playing a role in other neurodegenerative disorders (22, 23) .
To our knowledge, this study was the first to consider the association with ALS of inpatient and outpatient visits for physical trauma separately. A recent study using the Danish registries of disease trajectories, not limited to trauma or ALS, found that type of visit (inpatient vs. outpatient) was as important in predicting the future trajectory of medical care as was age or sex (24) . If there is a true causal relationship between trauma and ALS, our findings could be explained if people who present in outpatient settings with traumas are more likely than people who present in inpatient settings to have other, less severe (but more common) traumas that are not captured in the Patient Register. An exploration in the present study among the controls of specific trauma types occurring in the outpatient and inpatient settings did not reveal large differences.
The most notable limitation of the present study was the inability to control directly for behavioral confounders, such as tobacco smoking and physical activity. Although few risk factors have been established for ALS, some have been implicated, including smoking (25, 26) , physical activity (19) , and premorbid body mass (27) . Evidence is strongest for smoking, although these studies generally do not show a consistent dose-response relationship, and several studies have suggested that the association exists only among women (25, 26, 28, 29) . To attempt to address possible confounding by smoking, we used a negative control approach (18) . Overall, we observed little evidence of residual confounding by smoking in these analyses. The exposures for which ALS risk appeared to be greater-age at first trauma and outpatient traumas-exhibited the least evidence of residual confounding (Web Table 2 ). Because the hospital registries were established relatively recently, in 1977 (inpatient) and 1995 (outpatient), we might have missed older physical traumas. The analysis of age at first trauma was particularly susceptible to this problem, as were the overall analyses if, in fact, there is a substantial latency between traumatic events and ALS risk. The registry design, however, made it highly unlikely that this misclassification was related to ALS risk, and any misclassification would therefore have biased our results toward the null.
The strengths of the present study were its overall size, its national comprehensiveness and representativeness, and the registry-based diagnosis of ALS and physical trauma exposures. Although a limitation of this method of exposure assessment is that only trauma meriting an inpatient (1977 and later) or outpatient (1995 and later) visit is captured in the Patient Register, using the registry-recorded diagnoses increased the likelihood that exposures were of greater severity. These results might not be generalizable to injuries that go undocumented by health care workers, such as the injuries routinely suffered by amateur and professional sports players (30) (31) (32) . Finally, by lagging exposure to physical trauma, we decreased the potential for bias due to reverse causation by undiagnosed ALS.
In conclusion, this was, to our knowledge, the first study of its kind to consider age at first physical trauma in relation to ALS risk. We observed an association between traumas experienced earlier in life and a higher rate of ALS. This finding might be of particular relevance for prior studies that have found a greater risk of ALS among both military veterans and some athletes, because these populations are at greater risk for traumas, particularly at younger ages (33) (34) (35) (36) (37) . In addition, in the United States approximately 500,000 children under 15 years of age are seen in emergency departments or hospitalized for traumatic brain injuries each year (38) . Further studies should consider both the type of physical trauma and the age at which the physical trauma was experienced in order to capture a potential etiological window of heightened susceptibility that has been missed by previous studies. Abbreviations: CI, confidence interval; OR, odds ratio. a All models adjusted for matching factors (age, sex, and calendar date), residence, marital status, and socioeconomic status. All analyses excluded history of trauma within 5 years of the index date. The reference group for all odds ratios was composed of persons with no history of the relevant type of physical trauma (inpatient or outpatient).
